This study elucidates the impact of draw solution chemistry (in terms of pH and draw solute species) and membrane fouling on water flux and the rejection of trace organic contaminants by forward osmosis. The results show that draw solution chemistry could induce a notable impact on both water flux and TrOCs rejection. In addition, the impact was further influenced by membrane fouling. The reverse flux of proton (or hydroxyl) could alter the feed solution pH, which governed the separation of ionisable TrOCs. In addition, charged compounds generally exhibited higher rejections than neutral ones by the clean membrane. Electrostatic interaction, rather than size exclusion, was therefore the dominant rejection mechanism for most compounds. There was also a weak correlation between rejection and molecular sizes of the 43 TrOCs. Compared with Na+, Li+ with a larger hydrated radius showed a significantly lower reverse salt flux, resulting in a lower ionic strength and therefore a stronger electrostatic interaction. A fouling cake layer consisted of low molecular weight neutral organics could also affect TrOC rejection due to pore blockage and cake-enhanced concentration polarisation. 
Introduction

31
Using osmotic pressure as the driving force for water transportation across the semi-permeable membrane, 32 forward osmosis (FO) has the potential for several new separation applications. Compared to pressure-33 driven membrane processes, FO is less susceptible to fouling and requires significantly less energy, 34 particularly when draw solution regeneration is not required [1, 2] . As a novel membrane process, FO has 35 been investigated for the treatment of challenging wastewater [3] and a range of innovative applications 36 including resource recovery [4, 5] , hypersaline desalination [6, 7] , and sludge thickening [8, 9] . 37 The ubiquitous occurrence of trace organic contaminants (TrOCs) in municipal wastewater has been a 38 topic of major scientific and public concern in the past decade [10] . These TrOCs negatively affect human 39 health and the ecosystem even at a very low concentration. Some of them are specifically designed to be 40 persistent in the environment [11] . Membrane processes, such as nanofiltration (NF) [12] , reverse osmosis 41 (RO) [13] , membrane distillation [14] , membrane bioreactor [15] and forward osmosis [16] [17] [18] [19] have been 42 widely explored for removing TrOCs from wastewater. Given the similarity in membrane structure 43 between FO and NF/RO, recent research has shown that TrOCs rejection by FO may also be governed 44 by the steric hindrance, hydrophobic adsorption and electrostatic interaction [20] . Thus, physiochemical 45 properties of TrOCs, membrane properties and membrane fouling have been reported to play significant 46 roles in governing TrOCs rejection by FO [21, 22] .
Feed solution chemistry can influence both ionization state of TrOCs and membrane surface, and therefore
48
TrOCs rejection by FO has been extensively investigated in the literature. Jin et al., [23] compared the 49 rejection of four TrOCs (diclofenac, carbamazepine, ibuprofen and naproxen) by cellulose triacetate (CTA) 50 and thin film composite (TFC) FO membranes. They reported stable rejections for four TrOCs by TFC 51 membrane regardless of any variation in feed solution pH [23] . However, their observed rejections by 52 CTA membranes varied considerably due to variable chemical speciation as a function of feed pH. Xie et 53 al., [24] compared the rejection of two pharmaceuticals (carbamazepine and sulfamethoxazole) by the 54 CTA FO membrane as a function of feed pH. Electrostatic repulsion and steric hindrance both exhibited 55 effects on rejection in relation to the speciation of compounds. In agreement with previous findings by 56 Xie et al., [24] , Zhu et al., [25] observed that the electrostatic repulsion was the dominating mechanism 57 for the rejection of negatively charged compounds (cyclohexane carboxylic acid, 1-adamantaneacetic acid) 58 since the CTA membrane became more negatively charged when pH was increased.
Unlike the NF/RO process in which solute and solvent transport can only occur in one direction from the 60 feed to the permeate side, solute transport in FO is bidirectional. In the FO process, as water is transported 61 from the feed to the draw solution under an osmotic gradient, due to engineering defects, some substances 62 (e.g. draw solutes, protons or hydroxyl ions) can also be transported in the opposite direction from the 63 draw to the feed solution. This phenomenon is often referred to as 'reverse salt flux'. A flat-sheet TFC-FO membrane from Porifera (Hayward, CA, USA) was used in this study. According to 85 the manufacturer, the operational pH range of this membrane is from pH 2 to 13. Both layers of the 86 membrane are negatively charged above pH 4 and become more negative as pH is increased.
87
To better contrast the draw solute hydrated size (thus the reverse salt flux) on FO performance, in addition 88 to sodium chloride (NaCl), which has been the most widely used draw solute in the literature, lithium 89 chloride (LiCl) was also used in this study. LiCl and NaCl were provided from Chem-Supply (SA,
90
Australia). Sodium acetate (NaOAc), acetic acid (HOAc), sodium dihydrogen phosphate (NaH2PO4), and 91 disodium hydrogen phosphate (Na2HPO4) from VWR (QLD, Australia) were used in buffer solutions.
92
Deionized (DI) water was used to prepare the solution for this study. All chemicals were analytical grade.
93
Municipal sewage was collected after primary sedimentation from a wastewater treatment plant in New
94
South Wales, Australia. Key parameters of this sewage are summarized in Table 2 . 
95
104
All experiments were performed using a bench scale FO system (Fig. 1 ). The membrane cell has two 
107
Unless otherwise stated, the draw solutions were buffered at pH 4.6 by using NaOAc/HOAc (0.7 M/0.1 108 M); at pH 6.8 by using NaH2PO4/Na2HPO4 (0.1 M/0.48 M); at pH 8.0 by using NaH2PO4/Na2HPO4 (0. 
111
The system was operated in the co-current FO configuration (active layer facing feed solution) with a (control accuracy was ± 0.1 mS/cm).
119
All experiments were conducted until 50% water recovery has been achieved (i.e. 1 L water from the feed 120 had permeated through the membrane to draw solution 
where Mt and Mt-5 are the weights of draw solution at time t min and t-5 min, respectively. A is the effective 129 membrane area; ρwater is the density of water; ∆t is 5 mins.
130
The reverse salt flux, Js, was calculated by a mass balance calculation as:
where C0 and Ct are the concentration of the draw solute in the feed at the beginning and corresponding 134 time t of the experiment, respectively; Vfeed,0 and Vfeed,t are the volumes of the feed at the beginning and 135 corresponding time t of the experiment; ∆Vp,t is the volume of permeate at time t.
136
The reverse salt flux selectivity (RSFS) was calculated as:
Water recovery, Rw, or the water extraction rate of the FO experiment was calculated as: Millford, MA, USA) for TrOCs extraction. The precondition method followed the order: 5 mL methyl 166 tert-butyl ether, 5 mL methanol, and 2×5 mL Milli-Q water at the flow rate of approximate 15 mL/min.
167
The SPE procedure was conducted slowly at a rate about 15 -20 drop/min. The cartridges were rinsed 168 twice with Milli-Q water after SPE and were dried by nitrogen gas. by an isotope dilution method using a triple quadrupole mass spectrometer (API 4000, Applied Biosystems,
175
Foster City, CA, USA) equipped with a turbo V ion source that was employed in both positive and negative TrOC in the feed solution, and DF is the dilution factor and defined as:
where Vd is the final volume of the draw solution and Vp is the total volume of permeate. 6.4 ± 0.2 and all experiments were conducted until 50% water recovery.
193
The draw solution pH asserted a small but nevertheless discernible impact on water flux (Fig. 2) . At a 194 draw solution of pH 4.8, the flux decline was most noticeable when DI water was used as the feed solution,
195
corresponding to the longest time to achieve 50% water recovery. This was followed by draw solutions at 196 pH 6.7 and pH 8.0 (Fig. 2a-c) . It is noted that the DI feed water was at pH 6. osmotic gradient across the membrane active layer, and hence, lower water flux when compared to pH 6.7
205
( Fig. 2a-b) . Indeed, the lowest NaCl reverse salt flux was observed with draw solution at pH 4.8 (Fig. S1 ).
206
The interplays among the transport of key solutes at different draw solution pH are schematically 207 presented in Fig. 3 .
208
NaCl and LiCl as the draw solutes showed different flux performance despite their similar osmotic 209 potentials based on the van't Hoff theory ( Fig. 2d and Fig. S2 ). At the same pH and DS molar 210 concentration, LiCl resulted in a lower water flux compared to NaCl corresponding to a longer operation 211 time to achieve 50% water recovery. The effect of external concentration polarisation can be mitigated by 212 maintaining a crossflow (19.8 cm/s) over the membrane surface [34] . Thus, the observed differences in (Fig. 3) , and thus a lower water flux as observed in Fig. 2d .
219
Of a particular note, the impact of draw solution pH on water flux was less significant when LiCl was 220 used as the draw solute (Fig. 2d) . As discussed above, the transfer of H + from the draw solution to the feed 221 at pH 4.8 could be impacted by the diffusion of hydrated Li + (in the same way as hydrated Na + ) across the 222 membrane ( Fig. 3c-d ). In addition, the diffusion coefficients of alkali metals decrease as their hydrated 223 radii increase [35] . Since Li + has a larger hydrated radius than Na + , the reverse salt flux of LiCl is therefore 224 much smaller than that of NaCl (Fig. S3) . Hence, the impact of draw solution pH on water flux was 225 negligible when LiCl was used as the draw solute (Fig. 2d) . 
237
LiCl had a higher reverse salt flux selectivity than NaCl in this study (Fig. 4 and Fig. S3 ). Despite a slightly 238 lower water flux because of a more severe dilutive ICP, LiCl had a much lower reverse salt flux than that 239 of NaCl. As a result, the higher reverse salt flux selectivity of LiCl was observed in comparison to NaCl.
240
It is interesting to note that when LiCl was used as the draw solute, pH had a more significant impact on 241 reverse salt flux selectivity (Fig. 4) . This observed impact was in contrast to that on water flux as discussed interactions with the membrane surface [39] . In other words, due to the dipolar interaction, carbamazepine 279 orientated toward the membrane pore, resulting in a lower rejection [40] . 
287
Due to the bidirectional transport of proton across the membrane, pH in the feed solution (and thus the 288 speciation of ionisable TrOCs) could be influenced by a pH gradient between the feed and draw solution.
289
Hence, higher rejections were observed when TrOCs became either negatively or positively charged 290 compared to their neutral forms because of the electrostatic interaction (Fig. 6 ). For example, the rejection 
304
Using LiCl as the draw solute resulted in slightly higher rejections of most TrOCs compared to NaCl (Fig.   305 7), which showed the data for 28 TrOCs with the discernible rejection difference between these two draw 306 solutes. As noted in section 3.2, the reverse salt flux of LiCl was less than that of NaCl at two pH gradients.
307
Ionic strength of the feed immediately at the membrane was therefore expected to be lower than NaCl. A other words, at a lower ionic strength, the double layer could extend further, resulting in a smaller effective pore size [17] . As a result, the effect of the lower ionic strength on the feed side was also observed for 313 several neutral TrOCs when LiCl was used as the draw solute (Fig. 7) . The presence of foulants in the feed solution was a significant factor in the determination of the permeate 322 flux. The corresponding flux declines were 70% for fouled membrane and 19% for clean membrane at 323 50% water recovery, respectively (Fig. 8) . The gradual flux decline in DI water was due to the diminishing 
337
Results from LC-OCD analysis indicate that low molecular weight neutrals accounted for most (>70%)
338
of the dissolved organics in municipal sewage (Fig. 9a) . Despite a high fraction of low molecular weight 339 neutrals in municipal sewage, the organic removal by the FO process was 97.2% as indicated by a small 340 peak of low molecular weight neutrals in the FO permeate (Fig. 9b) . Although the water recovery was 341 50%, the accumulation of other fractions except low molecular weight neutrals were negligible in the FO 342 concentrate. Thus, it is likely that almost all low molecular weight neutrals retained by the FO process had 343 deposited on the membrane surface to form a cake layer, resulting in a considerable flux decline as previously discussed in section 3.1. This cake layer on the membrane surface was confirmed by SEM-
345
EDX analysis (Fig. S4 ). In addition, the cake layer had a significant impact on the reverse salt flux 346 demonstrated by the Fig. S5 . than size exclusion was identified as the prevalent rejection mechanism for the clean membrane, which 373 could also be explained by a poor correlation between rejections and molecular sizes of the 43 TrOCs.
374
Compared to NaCl, LiCl as the draw solution showed slightly higher rejections for most selected TrOCs.
375
LiCl had a much lower reverse salt flux than NaCl because of a larger hydrated radius of Li + . Therefore, 376 a lower ionic strength in the feed side and within the membrane pore caused a stronger electrostatic 377 interaction. On the other hand, low molecular weight neutrals in municipal sewage mainly formed a 378 fouling cake layer. This cake layer attributed to an increase in TrOCs rejection because of the severe pore 379 blockage. However, a decrease in the rejection for several neutral TrOCs was also observed and this was 380 likely due to the cake-enhanced concentration polarisation effect. 
